We describe a technique to localize the ablation target in patients with an unusual variant of slow/fast atrioventricular nodal reentrant tachycardia (AVNRT) using a slow pathway connecting to the basal inferolateral left atrium.
A trioventricular nodal reentrant tachycardia (AVNRT) represents the most common form of supraventricular tachycardia in the general population.
1, 2 In the majority of cases of slow/fast AVNRT, which occurs in ≈90% of the patients, the anterograde slow pathway is formed by the rightward inferior extension of the atrioventricular node, which can be targeted for ablation with a low risk of atrioventricular block at the inferior triangle of Koch (between the tricuspid annulus and the coronary sinus ostium). 3, 4 In a smaller number of patients, the anterograde limb of the slow/fast AVNRT circuit is formed by the leftward inferior extension of the atrioventricular node, which can be targeted at the roof of the coronary sinus, ≈1 to 3 cm from the coronary sinus ostium 3 or from the inferior paraseptal mitral annulus. 5, 6 On rare occasions, ablation of the leftward and rightward inferior extensions of the atrioventricular node fails to eliminate the anterograde slow pathway and abolish the tachycardia. In these patients, the slow pathway participating in AVNRT may connect to the basal inferolateral left atrium, near the mitral annulus. 3, 7 This atrionodal pathway has not been described histologically, and we refer to it as the inferolateral left atrial (IL-LA) slow pathway. 3 Because most of these patients do not exhibit retrograde conduction over the IL-LA slow pathway, and anterograde slow pathway conduction cannot be recorded for localization, a different approach must be used to identify a safe and successful site for ablation. The aim of this study was to evaluate the prevalence and clinical characteristics of slow/fast AVNRT using the IL-LA slow pathway and to describe a technique to identify the ablation target by using the resetting response elicited by delivering late atrial extrastimuli along the basal inferolateral left atrium, near the mitral annulus, to localize the atrial end of the anterograde slow pathway (IL-LA) participating in the tachycardia.
METHODS
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure because of the retrospective nature of the study. All patients who underwent catheter ablation for AVNRT between 1994 and 2015 at the University of Oklahoma Health Sciences Center were identified. Electrograms and ablation characteristics of eligible patients were examined by the investigators, and the anatomic location of the successful ablation site was noted. All patients underwent catheter ablation in the fasting state, under general anesthesia, and after all antiarrhythmic agents had been discontinued for >5 half-lives. The study was approved by the University of Oklahoma Health Sciences Center Institutional Review Board, and all patients provided informed consent.
Electrophysiological Study
All catheters were inserted percutaneously using the Seldinger technique and were advanced into position under fluoroscopic guidance. Catheters were placed into the right atrial appendage, the anterobasal right ventricle (para-Hisian region), the His bundle region, and the coronary sinus. Before 2004, a nonirrigated 4-mm tip electrode catheter was used for mapping and ablation. An irrigated electrode catheter (ThermoCool, Biosense Webster, Inc) was used for ablation after 2004.
The diagnosis of AVNRT was verified by delivering late ventricular extrastimuli to the para-Hisian region, as previously described. 3 The right atrium and coronary sinus were mapped during AVNRT to identify the retrograde limb, and the tachycardia was listed as slow/fast, slow/slow, or fast/slow AVNRT based on the A-H interval and site of earliest atrial activation. Slow/fast AVNRT was identified as having a long A-H interval (generally >200 ms) and site of earliest retrograde atrial activation located posterior to the tendon of Todaro, inferior to the level of the His bundle potential, indicating retrograde fast pathway conduction. 3, 4 Slow/Fast AVNRT Ablation Procedure
In patients with slow/fast AVNRT and no prior failed ablation procedure, the slow pathway at the inferior triangle of Koch (rightward inferior extension) was empirically targeted for ablation. Ablation sites always remained below the level of the roof of the coronary sinus ostium. When ablation at the inferior triangle of Koch failed to eliminate the tachycardia, the leftward inferior extension of the atrioventricular
WHAT IS KNOWN?
• Anatomic slow pathway ablation at the inferior triangle of Koch fails to eliminate slow/fast atrioventricular nodal reentrant tachycardia in ≈5% of patients.
• In these patients, targeting the leftward inferior extension of the atrioventricular node at the roof of the coronary sinus or the left inferior septal region is most often successful in eliminating the tachycardia.
WHAT THE STUDY ADDS?
• In this study, we describe an even rarer form of slow/ fast atrioventricular nodal reentrant tachycardia, in which the anterograde limb is formed by a slow pathway with the atrial end located at the basal inferolateral left atrium, near the mitral annulus.
• We describe a technique to select the ablation target for anterograde inferolateral left atrial slow pathway conduction during slow/fast atrioventricular nodal reentrant tachycardia using the resetting response to late atrial extrastimuli delivered at the basal inferolateral left atrium. The site where the latest extrastimulus advances the next His bundle potential and resets the tachycardia identifies the approximate location of the atrial end of the slow pathway participating in this rare form of slow/fast atrioventricular nodal reentrant tachycardia.
node was targeted by delivering a radiofrequency application along the roof of the coronary, 1 to 3 cm from the coronary sinus ostium. 3 In cases where ablation, which targeted both the rightward and leftward inferior extensions of the atrioventricular node, failed to eliminate the tachycardia, we considered that the IL-LA slow pathway may form the anterograde limb of the AVNRT circuit. Transseptal puncture was performed, and the resetting response to late extrastimuli during AVNRT was used to select the ablation target (see description below).
In patients with a prior failed ablation procedure, we generally used the resetting response during AVNRT to identify the anterograde slow pathway participating in the AVNRT circuit (see description below). Resetting was sequentially tested at the inferior triangle of Koch, the roof of the proximal coronary sinus, and the basal inferolateral left atrium.
Resetting Technique to Localize the Atrial End of IL-LA Slow Pathway
The mapping/ablation catheter was positioned at the basal inferolateral left atrium, near the mitral annulus, at ≈4:00 to 5:30 o'clock in the left anterior oblique (LAO) projection (Figure 1 ). During stable slow/fast AVNRT (with minimal or no cycle length variation), a single late atrial extrastimulus was delivered to the test site, beginning near the timing of the end of the QRS complex and shortening the coupling interval in 5 or 10 ms decrements, as long as the timing and morphology of the retrograde atrial potential in the His bundle electrogram were unchanged, indicating that the retrograde fast pathway was not engaged (Figure 2) . A reproducible advancement of the next His bundle potential by at least 5 ms, followed by resetting of the tachycardia cycle length, indicated that the atrial extrastimulus engaged the anterograde slow pathway (Figure 2 ). The lateness of the extrastimulus was measured from the onset of the His bundle potential for comparison between sites ( Figure 2 ). Multiple sites were tested near the inferolateral mitral annulus (between 4:00 o'clock and 5:30 o'clock in the LAO projection). The site where the latest atrial extrastimulus advanced the next His bundle potential and reset the tachycardia was considered closest to the atrial end of the anterograde slow pathway participating in the tachycardia and was selected as the target for ablation. Radiofrequency applications (15-30 Watts with a nonirrigated catheter and 30-35 Watts with an irrigated catheter) were delivered to that site. When accelerated junctional rhythm occurred, the radiofrequency application was maintained until 15 to 30 seconds after cessation (or marked slowing) of the accelerated junctional rhythm. The end point of ablation was elimination of 1:1 anterograde slow pathway conduction during decremental atrial pacing and noninducibility of the tachycardia for 1 hour in both the baseline state and during isoproterenol administration (2-4 µg/min).
Patient Follow-Up
The patients were evaluated at 2 to 4 weeks after the ablation procedure, at 6 to 12 months and as clinically indicated thereafter. The success of the catheter ablation procedure was verified by clinical history. In the absence of symptoms, ambulatory electrocardiographic monitoring was not performed.
Statistical Analysis
Continuous variables are presented as mean±SD (normally distributed variables) or median and interquartile range (non-normally distributed variables). Categorical variables are presented as percentages. Categorical variables were compared using Fisher exact test. P<0.05 was considered statistically significant.
RESULTS
A total of 992 patients with AVNRT were evaluated. Slow/fast AVNRT was present in 843 (85%) patients. Of those, 148 (18%) had had at least 1 prior failed ablation procedure at a different institution. The resetting response to extrastimuli and the response to ablation, described below, indicate that the IL-LA slow pathway formed the anterograde limb of the reentrant circuit in 10 (1.2%) of 843 patients with slow/fast AVNRT. These 10 patients include 7 of 148 (4.7%) patients who had a prior failed ablation procedure, compared with only 3 of 695 (0.4%) patients with no prior failed ablation procedure (P=0.0003). The clinical and electrophysiological characteristics of these 10 patients are summarized in the Table. There were one or both of 2 unusual characteristics noted in 5 of the patients using the IL-LA slow pathway in slow/fast AVNRT. The H-A interval during tachycardia was short (<30 ms) in 4 (40%) patients (Table) . The 2 for 1 response (an atrial extrastimulus resulting in simultaneous conduction over the fast atrioventricular nodal pathway and a slow pathway producing 2 His bundle/ ventricular potentials) was observed in 3 (30%) patients. Two patients (no. 1 and no. 5) exhibited both the shortest H-A intervals during tachycardia (0 and 15 ms) and the 2 for 1 response (Table) . Notably, these were the only 3 patients exhibiting the 2 for 1 response in the entire cohort of 843 patients with slow/fast AVNRT.
Resetting of AVNRT was initially tested at the inferior triangle of Koch (testing for anterograde conduction over the rightward inferior extension in the tachycardia circuit) in 2 of the 10 patients and along the roof of the coronary sinus (testing for anterograde conduction over the leftward inferior extension) in 6 of the 10 patients using the IL-LA slow pathway in slow/fast AVNRT. Extrastimuli at the inferior triangle of Koch failed to advance the His bundle potential and reset the AVNRT cycle length in both of the 2 patients, whereas extrastimuli at the roof of the coronary sinus reset the tachycardia in 3 (50%) of the 6 patients. However, when successful, resetting from the roof of the coronary sinus required a relatively early extrastimulus (extrastimulus timing <35 ms after the His bundle potential) compared with the successful ablation site at the basal inferolateral left atrium (≥35 ms; Figure 2 ). Ablation was initially performed unsuccessfully at the inferior triangle of Koch in 9 patients and in the roof of the coronary sinus in 4 patients, including the 3 patients with successful resetting from the roof of the coronary sinus (but with relatively early extrastimuli). Junctional automaticity was elicited when radiofrequency current was applied to the inferior triangle of Koch, indicating injury of the rightward inferior extension of the atrioventricular node, but neither anterograde slow pathway conduction nor the tachycardia cycle length was affected.
Extrastimuli delivered to the basal inferolateral left atrium (Figure 1 ) advanced the His bundle potential by (Figure 2 ). Ablation was targeted at the site of resetting by the latest extrastimulus as this was interpreted as being closest to the atrial end of the anterograde slow pathway in the reentrant circuit. A median of 1 radiofrequency application (interquartile range, 1-2 radiofrequency applications) eliminated slow pathway conduction and terminated the tachycardia in all patients. The successful ablation site was located at the basal inferolateral left atrium, near the mitral annulus (between 4:00 o'clock and 5:30 o'clock in the LAO projection; Figure 3 ). Accelerated junctional rhythm with retrograde conduction over the fast pathway (IL-LA slow pathway automaticity) occurred during the successful radiofrequency application in 9 of 10 (90%) patients. Anterograde fast atrioventricular nodal pathway conduction remained intact in all patients. No procedural complications were observed in any patient.
One patient (10%) was lost to follow-up. None of the remaining 9 patients experienced a clinical recurrence of the tachycardia at 1 year of follow-up.
DISCUSSION
We describe electrophysiological evidence of an anatomically distinct atrionodal connection forming another slow atrioventricular nodal pathway (IL-LA), with the atrial end located at the basal inferolateral left atrium, near the mitral annulus. The IL-LA slow pathway forms the anterograde limb of the reentrant circuit in slow/ fast AVNRT only rarely in unselected patients (3 of 695 [0.4%] patients with no prior failed ablation procedure) but is a significantly more frequent cause of ablation failure (present in 7 of 148 [4.7%] patients who had a prior failed ablation procedure). In addition, we describe a technique to select the ablation target for anterograde IL-LA slow pathway conduction during slow/fast AVNRT using the resetting response to late atrial extrastimuli delivered at the basal inferolateral left atrium. The site where the latest extrastimulus advances the next His bundle potential and resets the tachycardia identifies the approximate location of the atrial end of the slow pathway (IL-LA) participating in this rare form of slow/fast AVNRT. This approach increases ablation efficacy (median, 1 radiofrequency application) and avoids exposing patients to anatomically based slow pathway ablation, higher along the triangle of Koch, which may increase the risk of atrioventricular block. Notably, selection of the ablation targets using this technique differs from previously described approaches of empirically ablating AVNRT from the left septum. 5, 6 Slow/fast AVNRT requiring ablation at the basal inferolateral left atrium (IL-LA slow pathway) should be considered when ablation at the inferior triangle of Koch (targeting the rightward inferior extension) and the roof of the coronary sinus (targeting the leftward inferior extension) fails to eliminate the anterograde slow pathway and tachycardia. Additional clues for use of the IL-LA slow pathway may be the inability of late extrastimuli delivered to the inferior triangle of Koch to reset the tachycardia (making the rightward inferior extension unlikely) and the finding that late extrastimuli delivered to the roof of the coronary sinus (05:30-07:00 o'clock in the LAO projection) are either unable to reset the tachycardia or require relatively early timing, delivered <30 ms after the onset of the His bundle potential (making the leftward inferior extension unlikely).
Recent studies have shown that anatomic slow pathway ablation at the inferior triangle of Koch fails to eliminate slow/fast AVNRT in only ≈5% of patients. 2, 9, 10 This could be explained by the fact that the rightward inferior extension of the atrioventricular node, targeted at the inferior triangle of Koch, forms the anterograde limb of slow/fast AVNRT in up to 95% of patients. 3 In the remaining patients, the anterograde limb of the tachycardia circuit is most often formed by the leftward inferior extension of the atrioventricular node, which can usually be eliminated by ablation at the roof of the coronary sinus, 1 to 3 cm from the coronary sinus ostium, 3 or from the left inferior septal or paraseptal region. 5, 6 In the present study, an even rarer form of slow/fast AVNRT is described, in which the anterograde limb is formed by a slow pathway with the atrial end located at the basal inferolateral left atrium, near the mitral annulus. The retrograde atrial activation sequence is the same as in other forms of slow/fast AVNRT, with earliest activation consistent with retrograde conduction over the fast pathway. It has been shown that the fast pathway activates the left as well as the right side of septum in patients with AVNRT. 11 We hypothesize that the entire reentrant circuit for slow/fast AVNRT using the IL-LA slow pathway is located in the left atrium, as illustrated in Figure 4 . Targeting the IL-LA slow pathway at the basal inferolateral left atrium (Figure 4 , yellow area in LAO projection) is highly effective in eliminating this form of slow/fast and can enhance the overall success of catheter ablation for AVNRT, without an increased risk of atrioventricular block from damage to the compact atrioventricular node. The fact that left atrial ablation was required to eliminate slow/fast AVNRT significantly more frequently in patients who had had a prior failed ablation further supports this notion.
Our results are consistent with a series of observations suggesting the presence of multiple anatomically dis- tinct atrial connections of the atrioventricular node. 12, 13 Sung et al 12 first demonstrated that the atrial activation sequence differs when retrograde conduction occurs over a slow pathway compared with the fast pathway. Moreover, high resolution mapping of the inferior triangle of Koch in humans has indicated the presence of at least 2 distinct slow pathways. 13 Another anatomically distinct slow pathway was recently described, located in the septum, superior to the triangle of Koch, with retrograde atrial activation posterior and superior to the His bundle, forming the retrograde limb of fast/slow or slow/ slow AVNRT. 14 These observations are further supported by histological data, demonstrating that the compact atrioventricular node is connected to atrial tissue via a mass of transitional cells, which in turn form multiple, anatomically distinct atrionodal connections. [15] [16] [17] When 2 of these atrionodal connections possess the appropriate properties of conduction velocity and refractoriness, AVNRT can be sustained. Even though the most common atrionodal connections participating in AVNRT are the fast pathway and the slow pathway formed by the rightward inferior extension, 17 1 of the other 3 slow pathways may be participating in AVNRT in any patient. Because radiofrequency ablation is associated with a small risk of complications, 18 identifying the correct ablation target before delivering radiofrequency energy is the ideal strategy to enhance efficacy and decrease the risk of complications.
We verified that atrial extrastimuli did not change the timing or morphology of the retrograde atrial potential recorded in the His bundle electrogram to ensure the fast pathway had been activated retrogradely on time, that is, that the extrastimulus did not penetrate the fast pathway. The resetting response was, therefore, the result of anterograde penetration of the slow pathway participating in the tachycardia by the atrial extrastimulus. In view of the decremental conduction properties of all of the slow pathways, any significant change in the timing of the subsequent His bundle potential (advance or delay) elicited by a late atrial extrastimulus is evidence of anterograde penetration of a slow pathway. Resetting of the tachycardia cycle length provides evidence that the pathway penetrated represents the anterograde limb of the tachycardia reentrant circuit. We timed the atrial extrastimulus in reference to the His bundle potential immediately before the atrial extrastimulus to have an accurate measurement of the relative timing of the atrial extrastimulus. This technique is easy to implement by using a trigger sweep on the recording system to observe the latest extrastimulus to advance the next His bundle potential. Stable oscillations in cycle length (ie, cycle length changing predict- ably between 2 consecutive beats, so that the sum of 2 consecutive cycle lengths is constant) do not preclude the use of this technique. This technique does not require any additional catheters or specialized equipment and does not significantly increase procedural time. In fact, by investing time in identifying the correct ablation target, very few radiofrequency applications are required to eliminate the slow pathway and terminate the tachycardia (median of 1 radiofrequency application).
We became aware of the IL-LA slow pathway as a result of 2 patients who used this slow pathway as the retrograde limb in their AVNRT reentrant circuit. One patient had fast/slow AVNRT and the other had slow/ slow AVNRT. Mapping during tachycardia and during ventricular pacing identified earliest retrograde atrial activation at the basal inferolateral left atrium (04:30-05:00 o'clock in the LAO projection) and radiofrequency applications at the site of earliest atrial eliminated retrograde slow pathway conduction and tachycardia ( Figure 5 ). We thus limited the resetting maneuver to that region when suspecting the IL-LA may form the anterograde limb of an AVNRT reentrant circuit. Nonetheless, it is conceivable that ablation over other left atrial sites, such as the left inferior paraseptal region, 5, 6 may be equally effective.
CONCLUSIONS
We describe an anatomically distinct slow atrioventricular nodal pathway, forming the anterograde limb of slow/fast AVNRT in 10 patients, with its atrial end located at the basal inferolateral left atrium close to the mitral annulus. Selection of the ablation target can be achieved by identifying the site where the latest atrial extrastimulus delivered during AVNRT resets the tachycardia. We recommend using this technique to identify and precisely locate a safe and successful ablation site for this slow pathway.
